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An a revi~lt of a joint Intermfteec researchb .ttbrt, the AtW-
Navy $Pinner licokt pre @@CI LDt fg mot then three b~.dd
modean of wariou, lengthe Uas been tired an Woo precsonM om e
71i$it Spark Range. The data obtained fromt these firings are sall~-
sod to prftvid a good detorm~ination of the otis? of model lmgtI
an the asrodyAwo coefti nhnta for m san~ Xach mwbwo. The
effact of lmgth an dyravU etabiLUI to cimaiduvd 3A dstaU4.

I Amendic~a provhide a ramary of theoretical relations, conversion
relations bremwen aerodruam.o and be.11iitic an'enolatuare, and a tanl
tabulation of the experimmntal dataq.
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fITROWRCTION

Jof -ipirj~ngn missiles in personic fli.3ht was instituated an a joint
p ~I~nterservioe effort. The AM~ t.broujb the Free P±Ligt. Aerodynamics

Pac tthe Hial.listie Rc.*sarch Lbtatorit-s agreee to saiutfcturp,

The basic inrterest of the program was In the dyamitc stability
of spinning bodies of rsvnlut~iimn with an arphasig on configuratiors
P03sessing large fizeresa ratios. Of the siz ballistic zoeff-Icients
of the Kel27-No-4aae -Linearize~d theory Wxv-h affect dynaade stabLdty,
ver7 few easaamramnts of the Magnus moment coefficient, (,, an

the dop~ing nament or-%ffcient,, 13 (c., + %&), bad been made.

WoarmatL=on these auef.'1.ismtx was tbaereore to be an Luportaz't resmat
of thai pr.#!, Since these qaantities are ftnatiori of the ceau.sr of
am@s lciatlo,, thwae fbrc. oeefficienta v%iLch characterime *.eso tfawtions
also had to I,@ lbund. Them vpr* the IHA~nu fnrwo P*ff~t('yis,
Ký(C 3j ), the w sd9ng for-.@ coeff~ointj, Y3 CN CV )' and the ncrmal.

tbroo coefficient, K( ).The re~aining three ballistic coefficient.

are the overtarnlag sauet, whc ) dich is of arime twort&-..* to

Vroscopic stability and Is essential for cozusideration of dynamic
stability, and the two a.dal coaffioi~atat. sAal drag, %D(C:D), owd

Thedetrrua~on f mstof ft ebalUisti coefficienrts eueoi.Lly

and 3ýis usualJy quite difficult .if.. wind tunnels and bane. Q.e
xslsct~itm of FRL'3 Free F12ght Spaz* Range for the atwaq wasn a logical

aboics. This range -t pxrecent uonsista of forty-six .1w~ark fwtett,)nng whieh

L. Kopal, Kavaziatfi, and Remicr, P Marnual of Reduction imf Spi.=.arRc-o

Udi'usjion, Cef e ofs prcise f co respnd .Rapt. t 9= 7ou e usedt7
2. The symsbols appea..ring in parenthesis after the ballistic coefricient

*~ are tbo corresponding aerodyaamiu cceftilcient.. See 4lpvndiz P for &

identifr the :iuxbor of indiviftal -pb-lcations listed In the rwiferen-ces.

R45.OW... Scuuity 1nfrmavo.n
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J a ndAstribited over a distance of twoq l'd mighty feet.'
Fio,•r- I shows P v~mw lookiLng klwn range- with the spa-k cylinders

on the left and the plate holderk on the right. The brass squxre',
located at each station, sield single loops of vire whtch form part
of the lectrstatc t et g ing c!io.gupt. As the gt n launched raof lt
pass 4ach of the spark stations acturately located to 0.001 feet,
th-i are photographed simultaneously i• the vertical and hcriznntal

planes by a short duration spark dischrta. The ims oti occofirente
Whof the discharge for ten or ial staeiotu i t meatered to a ht fiaur-cy

of 10-6 second*. Front the yhotograpno the spatial coordinates of the

miessile are obtained to an accuracy of .001 feet in position "n
three minutes of are in angu lar orientation. The tzllistic coefficients
are ee~utod from theeov data. 1103 .

When the prograrn was originally set up it van decided that five

rmonds were necessary to determine one value. Since it oas planned to
oeb.ain reliable values .of the force coefficients from the ywving motion
of identical shapes posseasing different centers of mass, this resulted
in the requirement that three different center of mass posn.Lions for
each shape be fired. In order to study stability over a reasonable
range of mirorsonic Mach numbere data were to be obtained at haree

Mach number', 1.3, 19, and 2.5.2 Thene cociiderations meant that
fortg-fe rou• j would be needed to complete the study of each design.

Wody len',ýh was selected to be the basic design variable and the
shape was to be representatiw of service spinner rocket decigns. For
tuese reasons the coon head shape was chosen to be a secant ogival

head two calibers• long whose radius of ogive was twice the tangent
ogival radius. Three body LenCths of three, five, and seven c&..ibere
were a&Wood u'l:n " thna fixed the program site at 135 medeAt. A

draving of the ronfiguration with the actual center of mass lot•.ion
indicated is shown in Figure 2 and a tabvlation of the physical character-
istics of the xgodels is given in Table Cl in Appendix C.

In order to be able to make flow coeputations a smooth contour was
required and hence no rotating band was used. Spin wai imar-ted b7
means of a pre-engraved aluminum sabut placed izmediately behind the
model. At first friction coupling was employed but later it ws iound
to be necessary to connect mcdel and sabot by means of a cruciform key.

1. See LB] and for descriptions of the range. Appendix A .,fifof
;•ivs -, wore re,•nt d: 3criptio -f the -arngs.

2. At the -nima the interuetiate M& 1 Luzmxer firings were made, no Vait1
able gun wa. available and hence the firings were made at the slight3y
lower Mach number of 1.8. lUter using a gun contributed by the Nav.,
it was possible to are at the high Mach number of 2.'5.

3. A caliber is one diawester. In this proCraz= 2!).i, models vtre usW end
hence oxie caliber correupondad to 20rmm. j

6 I[ I ~-Scurity Isior-nae~op
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Finallv a cop7Ar obtlirating cup was placed behind the sabot. A modal i ,
uith its key, sabot, and cup-.z cup is shown in Figure 3e. Although

these ar-wliary launcainr ct.-ponents usually separated quite quickl y •
from the mode"L due to UieL- I igh drag, for some rounds it ao possible
to observe thia separation. (Sae Fig. 4). In hA the missile is about

41 two feet from the gun and none of the compononts nave se~arated. The
?rtV.zt9 aboi, the jiesils a&'e fr*cx pupoer waddA4.ng used in t~.e cartridge

S•vao. 9%vxv A,• shows the coT' "r c*-, sopactting at -five feet from theSgun. A. tventy*three fat (W3 tiw sabot is clear of modal and the key

is dropping free. Finally the sabot separates to over four cj~ibere
and thbe alanilm is in free flight twonty-eighL feet t.,m the gun, (LD).

Sn tb. Ziring portion of 'hA program considerable diZficulty was
ezpwLie=o*d 1- launching the models properly. I- order to obtain the
aerodynaaic moment coefficients a yawing motion whose magnitude is
between half a degree a&W six degrees in required. The lauor 1nit, is
imposed by measuring accarly while the upper indJcatoe the limitations

o! the linaarlsew± ýheory.
In order t• .btain the program requ-~eimenta, 330 models were I

lau*Wwd. It was possible to perform a complet. yaw recsction on 109of these of bich 9 naid average quared yaw of c.%r 30 and 30 V..--3 =ot

included in Uie rnalysds. The overturning moment coefficient was ob-
tained fl.a 19 aaditional rounds whose yawing motions were too -mas for
a coWlste reduo-tion. Of the models lanched i45 were sitable for drag
reductiona. A "t•al of 162 rumnds provided ýaX-Ab Uta. A good indi-
cation of the impr.7,ownt in firing efficienc7 as exp~erience was gined

A ~is shown by Figure, 5.

The bo4 of this refort, which is basically concerned with the
data resulting 4'&m these firings, will be divided into three iaa.
parts. The first part will deal with axia. force and moment coeffi-
cients, the aecond %ith transverse fcace -nd moment coefficients, and
the third will analyse the dynamic stability characteristics of the
configurations. In the appendices all theoretical relatio::! are s',;etoa
and the conversion fro the ballistic nomenclature to aer0nA is
derived. IXLAL FORCE AND NMCET COEFFICIENTS

S~(a) Drag roc•-o Co•efficient

Denoting t"e component of the aerodynamic forne along the axis of
the missile by ll, the tidal d•.ai -.oief)'vernt cn th:. ' defined •

the eqaation:

vh•re p , air densit7

d diaemter
U a axial velocity '

7 ]
RESTRICTED--SeciA;.y In6-mation
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If F In (1) is replaced by Fthe component of the ae~rodynamic force

directed along the trajectory, the more familiar d-r.g coefficient

C11 is definec1. If cross epin, I, .s ri.Z.ected, it can be shcr-

that KI) 1.cosa8+K,.8 sin8 K DA +EY r-KIA 1 8 2 where 8is

the mApitude vf yaw and k is '-% normal f~rce eoafticit., The •ra,.

coefficient, KDT along with the Mach number, is d•tbrsined for each
round by means of a polynomial least sq'ures fit of time-positi-on

data. rIJ

Sines W is a function of several parameters, baeical• shape cf

missile, Mach number, K, and the eqsaared maguitude of th# yaw, the
effect of the different parameters have to be separated.' The asswiption,
therefoe, is made thai the drag dependence on yaw is linear in the
average squared yaw, 65, for the partic-ular round. This a%.rage is
ov•r the distance bctween the fixrb and last timing stations ani can
easily be computed from the parameters of ypw reductions. Drag values
were grouped iu intwrvals.of Mach rnaber 2.oes tha C. 1 loig aud thi
parameters : th's limear Auict.on for each group foind fr.r a least
sqatres fVt of the drag coefficients and correspouding m6an zquared
yaws. The zero 7aw values of the drag coefficients, To , mre then

computed and use v:as made of the espirieal Q function derived by
Thows [9j p L125 , to derive their dependenc* an Mach number. 3

The Q fu.nc'on essential.). emes an inverse q&ladatic dependence of

" on Mach wmber and caa be written in the form

(2) 1Q +b

where a and b are empfrical constants. This tuaction provides a
good description of th, drag coefficiptat' dependence 3n Mach rnmbor
for supersonic Mach numbers. Tne constants a and b far each model
length vere determined by the uuwa least squares method.

Sincm, the yaw drag coefficient TD 2was contaminated by Mach number

effects, the rwunete of each interval tieft corivurt.4 to central. Ma-Ch
rnubers by means of (2) and new yaw drag oef1.Qients determined.
:ne proc-.qa ez.n nnw If iterated and conbrge,.ce is rapid. Table I

1. Throughout the report we wifl indicate for each ballistic ' itsIeiact relationship to the corresponding iero iuamic C's (See

Appendix B fw• details of the conversion pook-e~s.)

6*scribed..

Shere is described ind appl~ied to a study of the effect o6 drag of"

RESTR!TED-S-curity Informamton
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prese .. s t.e fintl calues of the &is and ble together -. i'h the KD 2
used. (Theso D82 1may bL converted from 1/sq. radis.i to 1/sq. de.,ek I11 ~ by the fictor 32 dO I , ) The defining relat,4on for isby~ ~ 6 8h ,co 21O q: rad. "D2

0 6

TABU Ilt Q- 1'ction Parametars

5wa1. 7 ca. 9 cal.A

a .927 .924 .- 2011 .1:7 .1"1 .172

ZD62 1cpare rad2anz

Mach No 5 cal. 7 cal. 9 cal.

1.3 3.1 *.+ 4.7 + .6 3.J 4 + _.4

1.8 2.6 '.3 2.6 + .2 2.3+ .3

_ _5 2F
2.5 2.7!U 2.7 .3 2.9 41.0

1. All errors calculated in this report are staadard errors. In order
to coovrt to probable error, the multiplicative factor 0.6145
should be employed.

2. Si iceKN isaabout 1,0 t~is tab1A indicatos that the axia1 dag
e-jeff..;..wts I Ai also atr-mgl- dependtat .,n tho mj1g.itw' of

I I
9



"j 79STRICTED ...-S~curit Infarmation

A Zle oxigunal I's for each round anr their mean •qtwed yave

are tUbulated in Appendiz C. An indication c' t"l.•X internal
statistica&' %.-uracy Is provided by the repreaentati-m standard
erass provided by Table C7. Theje stAndard errors of about 0.5%
seem to .onflict dith the actual dispersion of about 3% as seen intFigures 9, 10, %nd :LL. This r.•pead Is quite easily explainable by

th2 vics variata u n bo',dary layers. Vrmmres 6 and 7 clear:y•! t~ilustrs= tn..s point,,

A Au-th~r c.heck an this explanation aa be obtained by means

of & 3 cputa t Itn * ;..SS4 &t caq-it, appYcrite
values of the skin friction drag eoeff!cient •F for both turbu-(I lezt and lugnar boundary layers. The results of this computation
are lase-,d in Tab1o TT.

TABL II

Skin Friction Drag Coefficient, %W7 x 31)2

N5 cal. 7 cal. 9 C.1.

.the. Ian. % fl.2 pltb. vlM. % ff. teb. lam.... doe o.
1.L3 2A. 0 3.0 .6 14 3.8 .7 1

,1.8 1.9 .4 .;6 .6' .5 24 3.4 .6 18

2.5• 1.6 .3 U 2,2 .4 14 2.8 .5; is

[An interezzing use this drag data can be ýut to is the rather inditert

[measure=es-nt of the bass pressure. The drag coeffic~ient In usually brokeam
[ ~UP into the head drag, skin friction drag, and base trag cooffictiants.

1. 1he P~lasius flat plate values withi the Van Driest correction fa..

compressible flow were useA :~or the lawihar flow comut~a tion and
the recent4q 4Lrivvd-'furmuU. btainud by Van Drii-st'31 , [32).ai empiplcvt t the v.rb-,,t..n boundas la,-r. The AReyolods n•,,tersbassu on dianeter, K. Redms

1.3 l.3O1.8 8.17

2. The percent difference was ctmnputud with respect to +.he total drag
coefficlentý 10

1 0
PETITDS:rt f n 4r m '"V- -
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Sinre the head drtg arisas from cowprzsible fluld presauro difference
on the head, It can be cocVuted exactly by means of charaater.stics.
This vas do~ie by th,9 0 •W and thl r.etlts are given in Table III.
ra curresp~ndit values obtaintd by the linearized'thdary are alzolasted for numparison pur~oaes. in r.-ew 8 the presmire ratio, as
obtauinrd Pods the obIMi njtt_,ed by-• ,•ie tlne aried the are dj,..

Road D.as L.ff~i
•x &&at Thcayr Linearized The,)ry

.I1.3 .OT,-• .0790

1.8 .0603 .0660

2.5 .05,9 .0555

An emxam tion of Table M!, the trbulent values of Table Ir and
Figures 9, lJ, .12 acw that ontributes ubout 20; of the drag
while an wd ý%eauh contribu1te about 40f Th. ratio of bar* pienv r

i to ft" s-.am presare can now be covpited tW means of the relaton

Charters and Turet3ky, [E3], wer able to ,Ake an indendent de-
termination ty means of uaatrin- the wake angle and tsasing a
Prandtl-Keyer flow around the bast to tbin wake angle. A com~ariscn
of these methods in provided in Table IV. Tho -.-'se fnor Mach number
1.3 are amitted as the EZIAC computations of ratio of prassure Pt end
of oylindar to free strea were made ol as low as Kich waber LS.

I. This is an et"apdlatel value Ps van . M, V't, y • o•

III

.11

RESTRI.T&D--Soturi,) Infonaton
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TA=iL TV

Model Niaxbar t  IF MB

-Va -Yo-..
m( 1.8 Total Drag Wake Angle

5-441, 431 .0190 .0o60 .x638 .63 .67

7-48 .1U97 .0263 .0598 .0636 .62 .64

9-09 .1586 .032 0u607 .063? .64 .

*x - 2.5

5-56 .1)8 .0158 .0552 Ac88 .48 4

7.-0 .1277 .0218 .0548 .0511 .4a2 .44
9-13 .1322 .0282 .0548 .0492 .15 43

The dosr� Z.�r�~~ etwmen the two mthoda is caus eeamurmeet

error ia the wake angle. The estoiAt error I nB f vake angle isgo
.04 wbil. tV±a x-otal drag method has &A estimiated error of .01.

An e~aznation of Tabla IV indicates that IM does not vary vith

the length of the cylinder and bhenoe W ais the only varying dasg cow

ponent. This conclusion is further substantiated by comparing the

change inKRDwith length witha &MI. in Tablo V. The change :in KL~

was found by fitting it to a ltnear f•nction of lengtAh by least sanares

and 'Y vat. fond by different.ating the Van Driest formula.

TAMZ V
H a YDS? ID3 3lMOf Dv ie xfK sL 1e 03

6 L

j 1.8 3.57 3.7144 .37

2.5 3.00o 3.3 3 *.

I. Ma. !.irat digiý In, thC 1=191 nFilv. 7 IndleateE its 'Leng-th.

RESThICTED-.-Sec.ri Itformat~on
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It is irtermstign to n.t* that this variataion decreasea with

moron -ing Manch number.

(b) Spin Dceleration Mxwnt Ocafficient

7h,. spin decelaratioza mmut, u di,-Av!6a' aiy& tm- ?Gaftr~d*d

.ILI.Is c,•meLt or a.c*nmdc' a mnt a1on; t,&be synmet7

axis
aid in spin ia radiacj per caliber

*Iis Ad campamt of angular wolooitr

LI though it is possible to det.rein this coef.Lcient from the ywing
otion., t.t'.,- Prt of the program bad been fired it van fo-•d t,- thi

determination vaq not very ac,.,at.. It was, thboefore, decided to
plae ;ins in the bases of t" remaining missiles and masure the roll-

Ing motion directly. Figure 6 and T show models with and withert plas
repoectiel.•. The Indiwidnaul Tound vilues of NA a" talated In
Appendix C and plotted In 7lub% 12.

Since the spin deceleration moment is a pure viscous uffect$ it
seemed probable that it could be related to I.. Charters and Kent

have shown that for a cylinder A - 2AI a appearzd
to be a good approximation for o,r configuration. .(The 1/4 appears
because the diamter and not the radius is used as characteristic
length). LK. was obtained froin Table IT and IA- KM ix plotted iAn

Figur 12. TLu u&t'4weat n•,-as to be quite good. 3ince the m-•msa
cr mall and the surface condc.tions from round to round are clearl7jaot ±----ical, the experent.al ,w.atter is not unexpected. The usual
valueus L the iadvicbai st-i!t-1cal st6ridard errors an givea in
Append!x C eom to support t:sa consift-ation.

1. In Appweix A, tho exact relations .peloyed are listed.

1I |
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.. Ficure 13 KA it Dlctt~ed againut.length. Mhe slopeu of least

dqpA&Av fittad lines are .ompared ulith /14 afl6F in 'Table V.

N ~slope 2

1.3 .0010 + .0000

1.8 .00099!: .0004 .00089

25.00079 '*.oU .00075

Prme A~endit A ve bave'the statement of tbe Kellay-MC-4mmax

linearity assuimtl=-.

If 72 wfd F 3 am the somqmmts of the trenawrse aerok'zaminc

* ~fore, then

whome v is the spin in radlin er~ calibet

)6 +1 % a tbe c=V1ez ym

14 is the ommlex angular velocity

andi tbe I I sa*s the be~.1±stic ooefV!..ienta. They a"e identified in

botL Appendz A and Wh Table of 3yWbols e" Coeffoiciets. Similarly
for #As ouawments of the transverse aoment thers remxil.e

(AJ) x2+i 3 2-Pu (vT-i.)I 4 .lxr

By assuming a reaomolse size for the Magnus cross spin coeffi~cients
1mand Km, I t can be dsaovn that they have little effect on the noti

bf a body of rer~lution U28, . In none wt the firings me& on the M.

!:.LkAIMSs has th~is asiuwt~un sommd unrwersnable a&A baixo amaV, ther i
remaiaiing zi= coe~fficients will be considered.

14 '
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} In Apend•i • an aerodyna~ie nosenclature is defined and tneir
reaLtiom ieith the b.&32.is+tc zoe~fficients st~ated. Th•z ..cnwrsion

Stectationt are: ,"

and n w C y a. . ci I, .. . ,_. .4
offse on. .9 ntehmgneu-ato quto 0 n ,-(.a U tae

ape

Noethat the l~ay. pai of relation. r written with an equalit si•
an"deerinta ner yapparin(b•). This is •a to th fct
that antisrprt and • orsmmued wle3~ by men fthr

In Appen dix B the equality sign Is proper*

Thrcuigzut this meotion use will be made of the .ymmtr7 argnt
that al --- fcients are even funnctions of the mapgitude of yaw.
It is a mimd mhkt ihe o motion of each round =ay be 'n.bacterized
my its mear sq'uared yaw, 6 , and that the coefficient obtained fr7
each firi& is constant fur I* yam oncomteraed in eath ELiht ad m 4,

be associated ir th 6-. It wva found that a sills linear dopendeoe

-n 6 was suffisiant to desicribe the data for 8 < 30 square dogree.

(a) Morsal Force and O-,rtu.r--g Yknt Coefficients

The overbu-ning nt coefficient can be nbtainod aocirately
from the turning rates of the two arm of the characterictic epic, dlio
yawinm motion of a spin~ing mi-9mi1A. Actually mall corrections are
neceusary wich involve US 4amiug UPODGMts and the Mag=s force
ooefficient r, ant although these m usualy lose than one perce• t

all of the data in this report contain thou. Thee cornretions are
explicitly stated in Appendix A. A further correction is necessitated
by the variation in centerOfMassr roundtoround* Sirnce this
variati-u le less týn .02 Ijlbers for nm.els of the mae tyrm all
thoe u.•'•al ,re corre, ted to a standard center of mass location for each
type by means of an approximat6 L. in equation (05.7).

These final results wer en exd.ned tor yawing motions of diffare"n
amp.iqit-,,. It was found that the seven caliber forward ozn., models
together wi+h the a-ne caliber forvard and middle e.m. models had
definite dependa•,ce on the ma niude of yaw. Values for A fL•--d Mach
uiiuai vý c -ta t a l_.•ear rinniticn of toean uared yaw,

!I
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h'"e resulting values of r,2 ar listed in Table VT together with

their standard erroest

TAWI VI

Mac..h ,,o. , 79 9
1.3 -6*74 6-342

1.8 -23 + 3 -16 3 -59 + 3

25-3!7-12D -eA + 6

Eq. (7) -,.. -83. -37.

* This .•o lue s poor.ly deter.ined sinco th total variation 2-f

is from 1 to 5.7 sqaare -degrea.

The values parvided b• ?ble VI should be oocstidered oitly good
qLaltativss results sinoc they ve" obtained by a rather crude techaiqco.
Since the suiples arm mall the standard arine have on3l qualitlative

igsficaflCav. With this in asind we see that the effect of yaw on thu
ov•rturing moment has a stailiuing imfluence and that the explanation
of these indication of non-linearity lies in a non-linear preswur

dietributinn ovr thie rear of the modela. Thi distribution probably
starts about six calibers fý.= the nose and increases in Its non-
linmar character with mncre kais; lorgih. From Lhis we iauld expet the
longer missiles M" exhibit non-lineaz'ity and that this effect will become
more prununcoS as the ,.enter of mass is moved forvard and thereby
accentoates the effect of force on the missilels rear. This prodlctic
is roughly verified by Table VI.

H. R. K6I1y [36] has recenti7 developed a simple rel~at'q f-:r

pa2 and U6 2 by condnimring the viscous cross flow. His reuults can

be written in the followIn$ form:

(7) 2 N C3r-2L

(8) ,!,, .- 3/4IO .2

1.. rltd~ '-''rAlantlof das snf_"tt-k by J. 1). Nict-Laide~..

16
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where r Is distance to center of mass from the na.se oand CD is the drag
C

coefflcient for an infinite cylinder In a cress fMew. For laaU ar,
bctdary layers C% is 1.2 a" for turbulent boundjaz layers it•i. ,S.
8xwe ae awraen transition point is about 1.5 cal. ut W &Lualdwr

f W the saven and nine caliber rodela a veightert vwlf' r t.1.. of .78

was used for the sewn caliber sode +s and .68 for the nine caliber molls3.

and2 %~~2 have been computed by "qatlcne (7) - (6), and are tabulated

In Tablee VI and VIII respectively. Considering tae roughnems of the
experimentally determined alues anr the use o! a '•wighted' 3l the

agresawat is goo.

UsJi Table VJ I A- the round values for N and 6-, individal

vilues of K4 were then omputed and in Figurs '.14-16 are plotted

against Rach number. The sa.xiaa scatter is about 2%. The circled
points were mc ted byt itting. for each Mach zrimber to a line as

a faction of center of mass location (See 2q. A5.7). The slopes of
these 1ie amer the normal orco coefflcients and are tabulated In
Table Trn.

TAMSJ V11
oemaZl Ibras Coaffiioat, 1 = - 6 e

S• 7 9

1.3 090 4 .o1 1.02 02 1*t6 .01

S1.8 1. 13 .01 .. l3 _ .01 1. .01
2.5 1.26 + .02 1.21 + .01 1.28 .01

Ad is described in AppwAdz A it la vlo pOvsble to abasura XVby

•eans of the ,mr'rn• soti on. Va1-, of IKS were obtaimd by this mane

from an rounds with large enough servin motiou2 . Thes data also
e' ibted a dependence on yaw for the seven and nine caliber rudnda. 7he
values of 'N 2 are givki in Table VI11.

1. More 'precasely for ae sorn cal-'ber models C - ,., 7 '
A similar computation was perforce6 for the nige caliber modDs.

2. •he criterion wa4 that the swarvLi& motion be six tim•es the linear
meau3ue'emrr, acra-:cy of .01C".

17
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S1
'4', Tha, swerve s~' were computed ir a manner simuilar to the yNe and are

plottwd ir Vigure 17.

TAMS VTIt

N2 aquare raa~"

§3' +
Hach o. 7

1.3 23 7 20 * 3

L.O 13 3 26 .3

2.5 6 +3 33.lV

Eq. (8) 29. I,.

The oLrols.. values are thos obtained from the INs at different
0

cente- of mass locations and crosses am based on tests LA i ls
Supersontic Wind !•ucl. The agremuet is fairly good. In kalpre 18
the istance to the cen4er of pressure frem the nose In calibers CpN

is plotted aa obtained from the indlvi6l mmwrving motion, the center
of maI method, and the wind Laano. Sice thi& scale is larger than
model esie, in order to 3-m IndivIdea2 points, the curves are re-
plotted against model length at the aetal soul rise of 20= per
caliber in Figure 19. Finally Figure 20 shows IN0to dependence wA

length. Note Viat both center of preesure and normal force are re-
i neensitive to lent•l. (A mild e" ption to this is the

behavor of the center of presmare at Mach mamber of 1.3) In this
characteristic they follow the slender bod prediction that cyl% drical
afterbodies have to ,ffert on normal farce or center of pressue*.

(b) Nai•,us Force and 3meent Coefficients

in this sction and the 'n.xt one we will disicus those coefficients
vwdh at the prosen-. tim can oanV be determined by the paeflletnn Rang
Techniqe. The determination of the q4antities is dAfficult, and,

qu~ite n~aturally, is not as accurate asn., A or i.The diffi=aty

lies in the fact that the dxvade• oeffidientj rffcct enly the d=V g FmI
of th. epicyelic yawing motion. The damping is difflcult to .-termirn
as it is the rat of cange of a=all quant.,ty. For 0m imode1s a

io- data, in not very close to the slender body value, of' •.78 and (:P a 1.14. -Ahis &~scrancy has been oloserv.A by

%.&.q investieatorg and is prooably due to the inapprupriatoens sof ao
Uie theory.

RESTRICTS O-4.- '-•.ty Information
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t and tl'e d~istr,+tinia• et the eb.-.rvatian.)

An inspectton -o the Magma moent ooe snt data for th.
97F,, and 91H models dww that, In common with the nor- fan*e

and oerturnin wseas• eeoaffieente, the a"e Sunctos of yaw. Itle
dependence Is low~ed by the scatter of the data aend e K, TO as

tabelated in Table 11 Is poorly determined for Neme Mah n sa and
can ony be estmaated for others.

?A13 10

2.5 -72. # X

3 6unated vaise ee Obtained from to points

Ter fixed Mach number, in 6 3±raeaz' f1WOUA5Q of center of SUNs
location (sea (A5.8)). K~. plotted against 0.3. In oi&ures 21-23 and

its rather large scatter er-flees the prod'.-tio that dynaneo data ts
oesftalaly not ot as good <q:aIit as that for LN. In Table 1, the
slopes of the lean squares fitted Lines, which ane the Magma force
joefficients, are tabulated, Ible linear relationship in used to
%btain Pav'mpvg values of ET which are ea1bited as a ftncti.on of

Mach Lumber In 7g--re 24. For bow ronds heare the yvwing u)a1on is
, i..' 'that •.•,, r force Das re.'mmrtble ofeto op 'w e@* Imj

tiun, an indspea••n meamwement of XY is po .L le, n PF.,re 25,

19
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Maadad Farie Coeriient, uIm From C... Methodn.

4lMa ch numio- 1.3 1.8 2.5

5 cvi. "1, + .C0. .1•. * .04 .05 .02

7 cal. .20 2 .0 .20 4 .02 .16* .o2

9 cal. .31 4 .03 .33 + .02 .26 2 .02

J. C. Xartin has recently suggested a sinple model by which K1 and

I? may U-. coo.ited theoretically C29] . He ohoms that the effect of
spin on a body oi re.o?,ution at an angle of atack is to rotate the
plane of ajetry of the boundary layer confIuration slightly out of
the plane of yaw. The linearlitd flow over the resulting shape then
provides a force which is perpendicular to the plane of yaw and pro-
-. MnTý21 tn the magnitude of spin. These considerations result in

the following formua for the radio of slender body Mapus force coef-
ficient 1ý to slarAJ-r body normal forse coefficient K. tbr incomp asible

flow.

where L is the eqstivalent cylinder lengQ ir. calibers'

and ie i the t-.n/ary layer displacement thickness
in calibers.

Since ocr wain interest is in compressible turbulent boundary laji, II
we have to aumri that Squlation (9) will apply to this case. From [33

and [341 it can be shown that i gond approxima ion for e is

a (1- .14 M) 4•/5; rd-1/ where R. is tha UeynoYi4V number

based on the diameter and c depends on the velocity profile. InsertinZ

,iA valus of 8 * together with the i,.der body normal force coefticieanl

1. Since Martin's calculat3ans are based on the usual X'A. t plate boundary
layer aasumptions, his r-3sults are for a circular cylindar whose
boumnary layer build up i1 equivalant tu the body of roroi.uticn.

RESTRICTED-Sw.,,trly tn66wmstion
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I, alu of in (V) w'.;en revti.te:

(10)c(l -. 14~ m#15 ft-1/

V1 Prom (3D) 11, is now pos-vibld to comp.Ae the center of pr~ess're of

C.P.FU

Where P.- in the equius2.ent cylinder WS stance to Magnus iorce center

of Pressure.

Feiowasume 19at C..npothed aga.La~t clinder~ aength can be wreten

L -n wereL nthe model length and Lo1 ia corrsc%._,Adu dto the nose

amdsa fntino rwaabe 1.3 1.8

Using~ ~ ~~ ~CP eq=a~t (lab) asai" eanen itngh c.a
*hown~~~ Fn)gu.~~eersl. 1 0.T~s .ut r ~td

~~~~reP a 9 L og hoy

t~In Figuureio 19a C-or t'ibploted boundar leghayrd are itrcn erey r~
tat the /t predite sop te of 9oIso nuver7 good. For fied Mtachn. b

am

fit quaton 1a) ndRotainCtheDfllowng vlue for4Y-* .1~



IWI
Sc) D&a.ping Force and Moment Coefficients

.When the data on the damptr'g morot coefficient s amined,

once again the existence )? non-linearity in the 7F, 9F, and 9M models
czu& be seen. In Table 1I a.-,* tabulated the vaiuss of 4, 2 which wre

*rwployed to obtain the to.4

TAMA I1

H •62 Squarera-Zns

Rich No. 7 91 9

1.3 59o' 650' 65e

L.8 590 + 361 490o + 230 7206

2.5 5" _* 230 650 65•0

Sestiated * •t values of

Theie values are :Inserted in a nodiMed form of (AS.9) and K%, the

dmpi.n force coefficient at the centroid, is obtained. 1  The deesred
form of (A5.9) ie

where q is measured from the centroid and unstarred quantities

are for c.m. at centroid.

In Figures 26-28, •L•] is plotted against c.m. location and lines am

fitted. The scatter indicates the poor qualit7 of Is. In order to

obtain other Talues of %3 for o.. ' which are not at the centroid,

reL•atio. (A5.4) mu•t be used. Table X11 pruijents %3 at the centroid

and it it plotted against Mach nuxber In lare 29.

1. Tle riddle cente- of :-g rounds have their, centers of m I-,ated at
their geometric centrol 4 .

22
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I

S~is ct Centroid

Mach Zia. 5; 7 9

.8 -3.1 + .5 -5.4. + .1 -9.2 +L2

2.5 -1.1 .2 -3.8 -.6.6 +1.4

r1q. (13) -h.6 -7.0 -9.3

In Kgaure 30 1ýa.the centrnid inpotdagaizint Mach nu ber .hil

npmw 31 and 32give the centroid vausof 1. and IH as functime

of lCngth.

In order to got sawe th•eoretical basis for predictLag %• it innecessary to us e crtaie reants rpcently obtained by 'a'. Dwhi,-l.=e D2]

According t,,5 orrance a'se ro orderN slander body t•so•7 for inissiTs
without boat.t.ai!.* [rme relations for €r and CN.were firs obtained

4- [(L - 02 (r - rc)3
CKq

a - 4 (L - r)
INq

where L in length in calibers

r is distance ,o the c.m. from the nose in ialibers

v in vo-lum in cal.'

r,i is distance to the centroid from the nose in caliber, r
From these equations thorq rosultsI (12) L Tm - (L- r) 2

"K (T. - r) - v -
1. -e has to be used -4 oarder to t'ansform the symbols of r35) W to ose

of this r'!port. C n and CM of ') actually corras ond-to C and

,d f t"le, nwd CM r, correspond to CN + C and CM + C o

repo.T. R&STRICTM D-Saeurty lrfoms'o.d" ' I
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1cpation (12) precicts UWat I at the centroid is a pure cpadratic

t..c6-on o: the d.at. uA. tJm t.*at.'oid from the bai. which has T4 a .79

ka its coefficient. If we fit N at the centrold to such a ±bnction,

there resulas the values oC 1.19, l1.3, 1.5O for )ach numbers 1.3, 1.8,
and 2.5 respectively. Since the fit is quite good, ve vii consider

- C (L .2 a iD£ •.•r.-ca: form-.04 f .nr the da,-p.in - --t

the centroid. Table III compazes K% at cc. troid with Dorrance's K
The areaent Is not too satinfactory. It is finally of intezoet to
note tUat withxn t*e accuracy of this elemntary theory KI has no
contribution from w* vhen the c.m. is at thc centroid.

DDWI STABILITY
A etud7 of the dynamic Atability of the rounds fired !z this

cp-- 1 -ovides some of the maet intereeUD res-lts of this report.
As I(8J a missile Is defined to be tmamica11.y stable if the yawzins
motion described b7 the ... utiom of the homogeneu; eTation of the
rawlin e tioa does not increase. It in proven ia L.SJ tt a sufficient
condition Xor t namic stabi•ity of a statically unstablel missile
t,-aw34zg over a flat treetory is

(14~a) n D k% "hA'

(14~b) a P04- 4
'(2 -')

Where A? v? (Oyrosco,,f stability factor)

A m axial moment of inertia

B a transverse moment of inertia

p 0 air densitr

d - diameter

"1~ --- ;spin in- radians per calibe.

"". A Missile is ataticaly unstable if 0 .

'! .~R&STrPCT9tD-..,cu,,,,y lt.•ar oe

.+<- *- r . -



RESTRIC ED--Secu• .'y InFervmwn

2(KN - KD 1 T (Dynamic Stabilit Fator)11LN -K +~ k2 'KH - kj' X
-2l . ad' (:lis axial radius of gyration in calibers)1' 1- (l.

k-2 _ d 2is transverse radius of yre-tion in cali.bers)

If 4 0 or 1 7 2, it is further shown that a statically unstable mi.uile

can tat be stabilised by spin. The curv a aV2 Isplotted In ge 33

and the stable and unktable reZn's ar identitied'

This requirement is much more comlete than the claspical gyroscopic
stability requirement that 9 i 1. Since h is usually posidve for missiles

";n mapersonic 2•light 1 , conditions (14) will redice to the classical in-

eqality for *; - 1. Is is tabulated in Appendi C for.1 e,:uud and it

can be see:-. °- - that it definitely departs fron this optimum value of

unity. For sam of the 97 models a exeeds two and hence these models

are dynamica-ll unstable and mnaot be atabilised by spinl I has the

ftrther prope:ty that the 91mer arm has the mallr dwpiny rate

(62< %) when -. 14 land the reverse is true (42 ~)'4% whena >"l

Ibis therefore, mans that the faster arm will gow for the 9F models

irrespective of spin. (Unless h is negative the slower arm, hokw"r,

will a2lmyv dbrik.)

It Is possible to make an importa t rneralizat- on of the dyuwala

otability in the following way, (see r2(JJ).

Theorem

The Admving evponenzS e , and 42 of the epicy-lic yawing .. ti.a of a

statica12y unstable missile are greater than or eoal to an assigned

value, a if the fol.lowing relations are satisfiedt

h - s, 0

1. It --'as Poeitiw fr all missiles flred in this program.

I

E - I
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C t j (2)/..

-2 -2)N _ Xr + 42 ýi X A.
(No t.• UA (0) 13a thd d-Mc ~nulta , i,,t, flA ",,t•..)

With the above informaUon in mind we vi.ll now move on to a con-
sideration of the various applications ot our expe-imsntal information
to the stability problem. First the effect of center of mass location
is of interest.

Looking over the l's for the five caliber models in Table C-2b,
it can be seen that a lies bntueen .40 and 1.30 and henoe the dynamic
stability is of little interest for these models. The dynamic otability
of the seven calibers, a"d especially the nine calibers, ii nora
iuteresting. In order to obtain a rough piature of the effoct of c.m.

we will asemae that c.m. may be changed while the masses and radii of

gration remain constant. An eAmuination shows that with the exception

of the bimetal middle o.m.'s (9 M2, 9 M3) and two of tae rear cm..Is

(9 U2, 9 R3), thoe- assumptions are roughly true.

With these asswiptions in mind, v required for .tabil~y is

plotted in .igure 34.against z.a. rosition for M 0 1.31. v was

selected as one mr the variables in t4As plot so that the arrcscopio

stability curv, s - 1, appears as a straight line. According to

this plot the interval of c.m. location where spin stabiiization in

possible, identified in this fiawre b7 a a 0. is relatively small and

even there a rather high twist is requdred The rear asymptote o-responds

to i - 0 while the forward one is caused byl - 2. Note that 0.3 cal.

rear of the centroid is located at the Noptimum pointO where " ; - 1.

wv it is shown in [28] that the situation is Improved by in-
creasing 22-

creaing ~2.Since k2 is 4~0% larger for the bimetals (9 142 and 9 143),

the stability curves are replotted for their masses and radii of gyration

in Fgure 35 (The physical constants for both figures are listed in

Tab•e XIII).

1. In the two stability plots c.m.'s forward of the centroid are

plotted positivrly.

1. This Cict was firat observed by R. Turetsuk in rLt. B] iph was an
interim report on the program.

26
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TA=E XIII

tu &ASk; '2

Standard 137 8.3 .19

Bimetal 200 1.6 .26

The bimta-le as can bs easily seen are much mome stabla than the solid
deg, Theb figures become, of ourse, ears inaccurate as the c.n.

is moved froi the centroid. If the exact p4sital characteristics o0
the 9 F's are used, a wuch better determination of the c.m. position
for whdi a a 2 may be adfe. Similarly better valuer fo the *optima
point% and the point at Uhich 7 a 0 can be found when the physical
characteristics of the 9 We' and 9 f's respectively are used. These
calculations have been made and the results appear in Table XIV. Note
that according to Table XtV it is impossible to spin stabilise the
9 1"s and furthermore that at M - 1.8 they should be markedl,- unstable.
This in verified hy Table "C-4b. As the yaw increases, however, the
mon-linearities wltlzh have been observed throughout the program have
a destabiliAisg effect and increase the cize of a considerubJ.

TAMLE XIT

location of C.N. From Centroid For Dynauieally
Stable Nine Caliber Models

M -a 0 1 (standa.-rd) i-1 (bimetal) 1 2

1.3 -1.09 -. 32 .05 .97

1.8 -1.59 -. 70 -. 28 .30

2.5 -2.03 -. 73 -. 28 .94

An a final application of the data obta d by this progr•m v will
make rr.ugh estimates of the stability of nodels vhich are longer t"a,
nine calibers. (Since these estiwatap are based on linear +Iwory, theyS•~~ae at t"l=- mere --$,f nmn-11n~artiee which meen to Lacrosse with length.)

For simplicity the center of mass will be located at the "entroid. The
data for-be-caliber length modele definitely shows a bimetal design to
bo, mspsrior and -w will thus crnsiear models possesiz:g cc.y±ndrical center
sections .f '-Zth 22, and of density different 1,om the remainder of
the model. Finally t•B following formulas for centroid, mass,, anI
moments of inertia will be needed, They are good approxia.:I ons fcr
models over eight calioer loigt

2?7[
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t ~ ~c.m. tror, bas.e a IP (P 0.

- lenmt~h of cvlinder in calibern

a' " -(volume of nose in calibers) .

mat~(Olid')[EqN. R(* P2 -1)22B]

where pl is density of nose and tail material

2P is density of center section material

•where A,, axial ament of inertial of ogival nose

.056 (Pi d5)

B f A n a 3 (P-l(2 E

In order toe get sow idea of the stability situation for these long

missiles, we will select P2 - 3 -nd ., so thit the spin required for

gyroscogic stability will bo a miaIa',, This is emivalent to requir. ig

that A be a ,maxunu. In addition we will also specify p, be eqaal

to uhe density of dural. An Table XV are tabulated the r ~sultinc9.s A

t, n, and 'is.

T-01,L; XV

3-.,5 48 ?Ono 30 1.2

13 3.66 35&j h465 2 2.)

1.6 4,56 7363 532 3.2

7r2ICT_--S___a- Ink- -ion•j
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A;ccvrding ýn Table XV, models with c.m. at centroit and longer
than *'oan calibers ar,% imi.onisble to stabilize by ovrin. It is
possible to make a rough calculation .s to the location of the
optimum pointg for the modls in Table XV. This would give gone
indication of possible imprvvement of dynamic stabillty by varying
c.m. location and is done in Table XVI. In this table the locat~on
of t.he optim point i •given together with the gun twist,

required for +.ability.

TANM XVI

L e.m. ihift from entroid 1/a

9 -. o5 1/20
11 -. 63 1/35

13 -1-03 1/12

16 -1.46 1/9

From thie table ar ob•er•ed the very important facta that draa~ o
stability can be Wmrownd 1 moving a.m. rearward and that yeite long
imodels can be otailiised with reauonable guA twists. The rather.crude
approzimaxion an i.-"ch the above im based should be reempbaeised and it
should be reagajbared that the above is done ooI- ts a rather weak aid
to designers of loner miasles.

L. IL 81

I F 17
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T#.MX OFp Sj!qoLS &%ND COETFCIZNTS1

A Axia~.. Rmoent of inertia

AV, Axial mwunt of Inertia ef the SONS

h fra~aw Sholno t Of IJ~f.4&2

C avirioa1 Constanlt deflind by C(L - yo)2

Two dImensiaoaL cfkilizer drag cooffioie~it

CPT lpigne force center of preulin

CPII Normul f ozo agate" of press&"e

D JDk 2 A

~Aerod7DNS'o force

-2
JA2D k2 J)

d3

K A(CKp) spin &'"Ielratiofl Nagnt Coefficient

ZED(CID) Drag coefficient

jKDAk Axial drag coefficient

K~D Bas drag coefficient

Heod drag coeffioien0t

Skin friction dzag co~ff5.cielt

E 7 (N p Hanum fnri eeft oficieflt
PG

1. The symbolz wibich apr~oar c-ily in Appendix 9 am. omitted from thb±S
table.

3 -4 
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*Cq L)A Damping momenit coefficient

LKHJ
XL. Lift Iorce coefflcaeit

KM(CY4)Orerturin4t (restoring) moment coefficif'tn

%(C*) xNorm! force ceAfficient

SSlender boc' normal force coefficient

*KS(C( * CNq) Damping force coefficient

K?(C~( )Magnus moment coefficient

Magnus cross force coefficient

XT .Magnus cross moment coefficien,

Iio Zero-yaw ooefficient

1162 1- efficient of yaw squared term

11112Complex const~ants in yaw equationl

L Length of projectile

Ln Length of nose which is uneffective in Ma-tin's theory

Equivalent cylinder length in MArtin's theory

1 Mach re-mberII H 2M3 Aerodynamic moment

i r-T Number of IW df.tl,.1uns and .':Uinv stat.•,'ns

0 0* Shift in ca.m.
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P Cnn.-tAnt *+.or In the swevee oquatl±i

SQ Coefficient of linear term a the swerve equation

I -The N41-ftuietion
Rd The Reynolds numer baed en diamte2r

Ri The coefficients of t;e exponential terms in the

teorve equation

Ri• Constants defined by Ri - Rl iR12

(Ri)L Contribution of the lift force to the mrve

(Ra1) Contribution of the Hapma fares to the serve

T -T JL - kl JT

The constant term in the lif function

The coofficients in the polynomial -pression for t

al• T'he coefficient of JN -JD In Rtj

b The coefficiet of the linear term in the *Q= function

bi - The coefficients in the polynomal expression for 0

bij The coefficient of J. in Rij

hmpirical constant defined by 1 m c(l -l

-II

oij The coe fficient of J. in R.j

c~~a. ~ Center of mass In e*UJbers from the nQose F+

Sd ij The cotffilmie nt of J ., in Rij

SAcueiearaLluj3 duo Lou g'avit•,

(911,g2 ,g3) Vector" a ecc elerutl on d, it to gra,7ity
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k-2 %d2 kc~i ~i xa radius of gyration in ca l- ors

k2  -sk 2 is " i tran~s*es aiso rt~ ncl~~r

RB One- Ih&1f leng~th of center cylinder in biastal douip

i2c Length of cylVder

S(volun'~of nose) Equivalent lenigthi of nose

N Mass

n The reciprocal of +-he gun twist
t

p '1 d. Independallb variable

0

p3  
Bassepressure

DOP Free stream prensre

q 0 - 0* (distance froa centroid In definition of

r Distance in calibers from the nose to the e.r
of zaas

C Distance in calibers from the nose to the centroid

a Stabil-ity factor

Dynixmic stability factor

t Time

U (u1u,3 Vglo-:ity vector

X Lateral displacement

Y Vertical Jlisplacement

0.Ass:Lgtd lower Lndt ofd.
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law damping rates

Ratio of specific hoat of air rt *;onatant prou~ure
to %.hat at constint volume

In g ,,-c~ d/ll

8 * Magnitude of yaw angle

87 Ilean sq=are yaw,

50, Bondary layer diuplacement thickness

Petrbto taria in solution of yaw differential
equation

E ~Standard error in balliatic: coefficient

* lRoU angle

X l Cm~plox yaw

Yaw of repose

on. (s 3 d Complex angular Y~locity

V - - Spin in radians per caliber

A

p DmnI* of air

PiDensity of the material :

Taw barfiing rates

(01 *2' wo) Angjalar velocitj of the iulssile[I

( )Primes denote diferentiation vith resp,'4-t to p [
a IMFPa~rti.4l deri-ativ,, of akin friction dr--g coefricient

with respact to length

I ~Bars denote &1Lsolute value I
ft-rICU-Security) Infomt#flfio
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Thtebibliography t.le claatrical publications are li3ted andaAP"2l)IZ A: $UQR OF TNHEORETICAL RELATIONS AND) SPAI.K RAZNGE

fairly complete list of W.L publications which would have a bearing on
this 'eiort is ovisded. -goat of the Wheowmtioal relations used here
liXeStakez from or r. *~ The data red~uction techuique is demoribed

ICJ or- in e upal ;oport ment!.3ed it. the in,ý*duction. in
a thi apendix we will state but not prove the relations referrec to in

the body of the report. Although these relations will be ý.n terms of
the ballistic I's they oan be easie convrted to the aerodynamic C's
ibere necessary by use of Appendix B.

We first defiae a right handed orthogonal coordinate ysatem with
"ai mmbered 1, 2, 3 moving with tho miassile and so orientated that the

I axis always point$ alA, the miL3ile0s axis and the 2 axis Ies9 in
the horisontal, plane and points to the right. The linear Yelcity of
"the center of mass and angular veloity of the missile are sxprossed
In this coordinate system, as the 'vfcore (%1 , u2 ,, u3 ) and (*I, mis ft3)
respectively. loying the convenient representaticn of complex
'variables the basic Salley-lc8bazo linear force systrp f r a missile
possessing an ar le of rotational rey try less than 120 ad a plane
of mirror symetry is defi••ed by the followring equationss

(Al) 2, -22 2 , 2 - Pdu

(&3) _Pd %2v

where

(Or, . 7P2 ý) is the aerodynamic force vector

"IP- is ruponent of aerodynamic force vector directed along the
trajee :try

(O1 , M2, r3) is the -ero'dynamic moment "=to,

p Ie the dansity of air

d is the diameter of the model

1. Althougn all of the rilati.n., stated are true for all missiles
posessing tho proper ,ymmetry requ•rod for (Al, - (A5), so3= o
t.ie remarkL o,, ranpe techniq•a refsr only to spinning bodies of
revolution. 38 -
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\1 is the wripiex yaw

v -.;- in ondimen3ional spin

is complez mng&24 wloc;Lt7

LD Drag Force Coef'ficilent 1

DA Axal Drag Force Coefficient

KA Spin Deceleration Moment Coefficient

KWNormal Force Coefficient

K7 MagmIa Force Coefficient

cross Spin Ma-&us Fort.. Coefficient

KS Dampng Fore-c Coefficient

AT Magima Manert Coefficislt

KM OvertUrning Norent Coefficient

Ký Damping Moment Coefficient

XTCross Spin Magnus Moment Coefficient

Since the z~ents are defined with respect to center of maI &z~d
),is defined from t-he motion of the senter of mass, theme bal.listic 1's

are fuinctions sf center of mass location. Since we reqaire symmetric

+ 1 KDAXwhere -

39
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ass l13tribution, all c.m.'s are on the axis. T',e explicit form ofthe•i anctions a I

(A5.- 1) r K) (h5.6) KA* NA

(A5.3) K?, (0.8) m* - 4y

U(.-)-) Ks- - qX (A5.9) L- -K •q(K8 .K ). q'K

,'ere the starred quantities eorrespond to the center mass located at point
( and the unstarred quantit.eL t9 center of me@ at O. q is the axial
distance from 0 to 0 in caliber.L ant! in considered positi-. vben measured
toward the basa from the nole.

Placing these definitions In the equations of motion we cbtain the
fdolov:UW equations for the axial and yawing motion for a flat trajectoryt

(6) --J

(A,) v' -Dv

(AS) IXA, + (H - ,-v) V, (-N 17T) X 0

whoe primes denote differentiation with respect to nomdimensionaluhdt
axial arc length p t [ -. and t in time. 2

0

dl K1

kl.k . 2 (k, is axial radius of jration in ca.ibei %)

A iL axial moment of inertia

M is the mass

1. A caliber is a unit of length eqal to the missile4's diameter.
2. Equati'In (ASB) is haied on the sive aeurmption or convention

trýat ; terms may be omitted in coe'isor vith J teras.
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k2"2 ad -1 k2 is tianlsver radius of gration in cibers)

B in who tran ev er " no nt of L wa tla

N k2-2 I2 k, 2 ) 4 k2 -U

T oX-.JD- "•-2

o-,, [(JD - k-." -2 jS .]

-22

Q1 oý gn is th etraclrto wt rvt

Mw so ution to o quatione of awing notion can w wrtt eon in tb e

B, 32 are camplex constants dependitn on initial condti~ons

-u •
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The exponents of (49)ay Wbe related to the coeffici.ntl of equation

(LW8) 02'.

*(Al) 1- (•1 , 2 ) - DE.

(A12) ND4

(A13) T -1/2 -H ,21 -- DJ

(Als) D V.
01 02

ubere a werly good approxmAatioui to tba porturbation, toerm a

I~L' 2'J

Amissileii said to be nt&a&Uo12stable If N60. A ataticaLyj

unstable -&mL+J. to said to be aro-eoolcaiU~ Stable if -a 1. A

missile is dynamically stable if the yaw described by the homogeneous
solution to (A8) does not Inaeeu. For a statically unstable missile
the exponents al and e2 ae pesrter thn or eqsal to an amsigned valwu

Aiif

8 (2 -

* ubere I (a) - 2La she gpeneaised d4namic nubility factor.

If a - 0, 1 becamsethe dyuami atability factor 1 (0) and (05) - U(l)
become oonditions for dyIsmc stability. If ; (0) does not satisfy
(A17), a statically •nst.alblo missile can nevir be dausicmlly

atabtUisad by apin .

1. For a statically stable missile (A15) "a (A16) apply %en "s id
outside the Interval C0, 9J wtil only (4A1) is needed wten
a is inside.

I42
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16' the position of the misesie in calculated froxa the equations ofi
motion, and the p axs is taken to be down range in the horiontal
plane, the y axis pointing up, and the x axLs dct=.m.I. d by the right
hand nile, we have the relation

(A8 iv a ( P :+ v + Pil $(-a' R2K *"-4 '02'

+~~ ~ ff%.r 7- D+ v )dp dp - 1 dp

where

P and Q are complex constant. determined by izitial condtiona

z and y are in calibers

R
1
j7 ail (J-D bil lj?* ail JS * dil Jzr

(01 (x 2 at 2 2 a,

* €• * -,

(oil " "(€0i + e12)2 "

2. .. - - = 2  .)*

20il a,-01 Oti2),

The ffiri integral is Tr.s ftp'.lacinmet due to yAw of repose and
can usually be estimated to a sufficient accuawjy for 'arge work. The
real part of this InteRral is callid the "drift". The secord integral
is, of course, the gravity drop. *e expression JN D C-cn te replao-d

by JL the lift ^orcs coefficient.

~ ..*1 --'



0.- the BRL Spark Photoravty Range the drag coefficient is f~und
by meaL. of up to tvsIve tixr-distance meamurecqnts. The distance
error 4 lose than .001 feet and the least count for Ute tise in SI8
of a microsecond. The data are usually fitted to a cubic in distance.

) t - sa * alp * &a2p2 + a3

where t is tin%

The velocity u at point &, is then given by

and JD at point p can then be conmptcd from (£6).

(A21)" JD a 2&2 +.a3

a and J are usually evaluated at the center of the data. The temperature

and pressur* ir measured before each firing, thereby :--oviding the
nclocity of sound and density of air. From this the Mach nmber and the

o a be o~uted. (am, A, B, and renter of nmas locationdensity fco

are precisely ,measirod for each model before firing).

D can be directly determined by meamuring the spatial location at
each station of two pins placed in the base of the model. This t.w*a
determines the roll angle 0 as a function of position, p, an the 1NP.
Thes data are thea, fitted to a•cubic polynomsial

(A22) *.- 0 *b+ p + b2p2  b3 p

From t.%7) we haves
U23 D 2b2 6b 3 p(A23) D-. ..

From (U23) and (A27.) --- tan then obta!.n .JA.

Th' rwo conponents of the yaw of the mtisile are usually meamured
to an accuricy of .001 radians. They are then fitted by a comhbinAtioa
graphical and analytical te*hnique to e*uation (A9). From the coer-
f£iociets ,f this fit by means of (All) - (ALi) we can ootain J., H, T,

an2 a relatively poor second determination of D. The spatiai. positieca

T4
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of thi jenter" of mass• L4 now masurod to an accuracy of .001. feet 4nd L
filtted t o equation (•L 18). Of t he for m Ui uumia.l• , h owver, onl a il

i well detemned.d Prtuately J N - JD is the principal cons tituent

f, or most firinpe sn-,, a~ then be deotermined. TL-,i plus the vlueu of

.•:i!be determined, and from this f~ollov valuee of Jr By tirizir diffement

, ... , ~ a n~d a sle co nd de teor mnalJ tio n of J.-"

•~T summarm~y we see th~t the firAin of a single sojol with satis-
!•i•factory initial yawing motio (large enough to measure and r.all'soulft
.,,t6 be linear) and satisftctry swervng motionl will provide values,

ý" Z• IN, 111 x•.• ,. %,• an , possibl 91p, atagieMc number. Firings
, of identic ol ,models wath different center of mass poiin at tfhe sme

fitted to equation yield) adtona t ales ofr INa, hoevr and1. K3-

1. It ean etsmildy b a sJhn that the lt, force contribntcon to the slow

fo .r m , fig. aie.-te . determined. Thi , luw th, va °e.,-
I ~ ~ 'war" arm is K~A swt and the. commantdaig can-

c iote,.oon as oi the orainse i (it) 14e rod +s w

and ~ ~ ~ ~ b aitaj '4~m deemn2ino

I acory initia. yawinds J oin(agSnog oi and aaafa 2.aln4bl J,4a. en'.a
Helnear (Ad sat ;,I IsftR2 Swerving motio3n vis stprovietr valme

o whentcal is mor-3ithan sif x times oe experimental accutac. Since

aC, Magnue force meaddiieo warl limited in of mer, M values a"a don-
.idtred when (eI)y Is thtce the exitorimental accu tacy.
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APP-YDU' Bo COWMVERLON OF THE BALLISTIC COE7FICISNTS TO AERODYNAMIC

Th6 work of this report has be'In dors in terms of the ballistic
K'. which are litEle Xnown outside Lhe field of ballistics and may be
quite confAsing to in aerot kiciez who dies his enaMic ztability
-,ialyeu in te-er oZ the Aero ic C'd. It 1s therefors vorthwhile
I.: *xpress the rivult, of UVIs report in ten~s of these symbol@. Thin
effort. in handicapped however, by the three factes

1. The mismiles usually treated in railletics have a rotation
sy etry which results in pairs of aerodynamic coefficients
being equal and hence aorrc."•pcding to only one ballistic
ocefficient.

2. In ballistics the missiles usually have a high rate of spin
and Mairo:. effects have to be considered to whLich there amr
no coarrspor-'ing aerodynamic coefficients.

3. Tema involving the rate of change of angle of attack appear
in moat aerodynamic stability analysis while no stuch terms
appear lu tLe usual ballistic force system.

The exial c"aponeats of the aerodynamic force and *meat are
usuas•y defined in aerodynamic nmenclature aas

1 .,-,/ p~ V23C

L(l) 2. 1/2 p V2 s b(?A) Cp
f P:

where p in air dere 4ty

V is axial velocity

S is a reference are&

b is the wing @panj }. this we ae tFat t. 2ee t/d 2ha

K() A 1/4 (Sb 1d) C 1P

F v 24 (pb/2V)

RKSTRICTED-Security Iormation
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IAl, the transverse ,onpasnts of the aerodyTnaic ior.e. and moment
are assumed to be lneux l n•ct..ons of yav, change In yaw, and an-ulA.r
vslocity, and Magnu coupbtnmg is •.ntoduced, *a ha% the following
defirntions:

.(l/2PI2S)[CZS*C (p ).c

( Y3) - (1/2 V2 5) a. C (b) C

i:V• p W23 4 . + C (C

I (Ap ro~C .c (•). c,~ (•
'ZP 

C7 .") . C

+-

+:.,,• m- Vp V2 a C) f t

( 3is tMe w(ig ch&.rd and the Cn,.es a, d a n gular

• wel~otiOl a, •, q and w ar thuse dafi~ned in the standar~d aero-
Sd~~uaenolnJnature.

If the missie~l is aoe a sssiioa rgrerrttoa

b b
-ir Czq L. C)(q Ipq -Zc c p1 q

[Cpapp

+) CQ

r a
v d finedkn r

~~~~dyai n~n latus. l~l -•,cr•Il•ei

Iftemsiei s pses ua rgetrrttoa
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b '
B C 'C (b2* b)Q,~:

U f C -C~ c) -
Oq r 4) q mor Pq a pq

"-CA& n " c~ ~ a-Ci C."uc ,a i

?ae third set of symbols is introduced in ardor to emphasiss the
existence of smy tr7 and .1il be employed throu•- hot the remainder
of this appendix. If we insert those symbols iaW (B3), nultiplY th*
seco• d and fourth equations by I and add to the first and third respec-
ti,,ly these resultst

(1/2c~ -1 (11) (P+Id

r(P- an c~~q] (cz + I cr)
(B5 M IN (/ 2T ,C C s

S•£~~~i equatiLon (25) is compa~red wit~h @qati•:Lno (A2) and (A4I) t,0 Kim
and in-K•,,agnus static coefficients afteoasily related.

- 1/2 Sc/d•CU
1/2a Sb/d 3 

.>ý

p.•

r? - - 1/4 Scb/4 4 C

48
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_.s rlationhirns be6tvsen U-e rumaining tf)'mic c,'-ficienta is
somswhaa more uurcated. Fortwate1ty it can a .aiaA te -Cown that the
re.maning Magmis cce fic±n•tns are lost izi the di'ferenttal equations o fyawing motion due to t1W rJ convention. 'ý'. herefore, rma~ius only to

c "w b c z W , th four aerodvh cq

Tn order to do thls we need only to consider the purpose of this
work, namely to state the "-uit& of this report in aerodynamic n-
clatare. Since this report is concerned with stability, the only con-
tribution of the aerodynami coefficents is how they appear in the
basic differential equations. This mans that in order to obtain %he
partaer of1H we see what coefficient apearo in the corresponding

point of the d fferentisl equat.ion similar to (1) which in based on
the aerodynumic force Vostes (see r21 for eoxple). By this tActic
we haves

Since the -ajor fumctio, of is its contribution to wihon the

center of mass Is altered we have:

(CM r.,3

Notes The method of abndnins W) a (08) is not too desirable.
It would, of course, be more satisfying to enlarge the ballistic force
system so that there woald exist a one-to-ot correspondence. It also
shoeld be noted that (E87) follows from a comptrison of the howineous
O94tions. 2 In the yaw of repose, equation (A9), KH should be replaced

by -14 ̀

By use of (M?), (B6), (B7) and (88) it is novwpoas~ole to coivert.
4 our symbols. We wX'.. nc-rely t,"-.Ate the o-salts. (rL will be replaced

b7 XX -D for t.his purpose.) f

P d- C [ + .2%.- 1/2 k2-2 (C)2 (C *

In order -Lc avoid conv1sicn c- c • "i (0)) wil.3, 1 replaced by7y. y#
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R E T IC1D - G A p .' *&A a

d.q) TCO .k 1
2 "Lb'~1

(39) ~~2 Td3LMa d paj

k 2

~~k_ yc kj

A2 2

* (r) --- [-2
q 7 d2

yor bodies of revolution if 3 is the Aaimm ctOUS8ctioral &M-41

b S T
"a~1j

d

Kfl A; C0 p

KS 17 N + -A g 2

2('a M 214 
q ~2(c a c D I -2 .~.c Si -

-- -- -

1.Scm' it profor -a L who.re L is thie xodal length in c.1.bsrb.

This Aleatiotl seems to compli~cate our equAt~Ivne uincasc-"-ily
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APPEIDIX C: TABLES OF DATA

In Table -1-, the physical characteristics ,nf the twenty-seven
model types a--* tabulated. The types are identified by two numerals
separated by a 2etter. The First number given the model length, the
letter opecifies whethher t.hI cnter of mass is forward (F), middle
(M), o rear (R.,, " t. aecond mmber identifies difrerent Y.-, -5
of the saw length and center c: s la" l. he composiim.n of
each model is glven by three letters which sxuecif~ the metals used
in the nose, center, and base sections respectively.

In Tables C-2, C-3, and C-4, t aerod7namic data for each round
are given. The mean squared yaw, 6, is in square degrees and is
effectively sero for those rcunds where it is omitted. The drag
coefficient, K is tabulated for all rounds possessing over five
timing stAtionir and the spin decelerating coefficient, &A, for only

rounds with pins. Values of J are given for those rounds for wtoh

both arms of their epicyclic y~iing notion e*eed .005 radiana.
Values of % and K. are listed when both arms exceed .007 radlans.

In addition to t-he arm size requirement there must to fifteen observa-
tions and a fzvo-tble distribution of the observations on the spicycle.
For same r-ands it was possible to calculate KN from the spin and the

turing r'ate of •ne arm when oal, ons am exceeded .005 radians in
size and the =del possessed pins. % was calculated when the swerve

associated with it, (1'2)L, was greater than .06 inmhes. For those

rounds which did not have KD or % values, % and 4 were couputeu
using values corresponding to the a&= type at the sAm Mach a•aber.

The columi marked N - NT gives the total number of observations

and the number of tiPe measurements. al and ag are in 1/caliber: and

v ie in radiagi/caliber. v way be conferted to gun twist 1: n by the
relktion n -u

In Table C-5, the aerodynamic data for mod-•e possessing mean
squared yaws of over thirty square degrees can be found. Table C-6
gives values or Magnus force coefficients measured from th, swerving
motion of those models who.%e Magnus aorving motA=, (12)7, is greater

t.ýwt .02 inches. iinzi t. jta•iticai erTor of the -&.ous balli stic
o.ffiuienta was ft.irly uniform for mods! types possessing tie same spin,

only -epes•ent-tivi values are giyen in Table C-7. Pinal3y the turnirng
rates of the two epicycle aria are pro~idsd 'Gy Table C-8.5II

REIMICTED- Socrirf', Ieormp~ion.
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in noncluiion tLi, numbering system for the model, should be

described. This can be aone vy the following table for thd ivi'

caliber length medels.

5-01 to 5-29 Forward eax.

5-31. to 5`59 ida~le 0.l,.

5-61. to 5-69 Rear C.rA.

5-91 to 5-99 -,rg yaw (-'73002)

The mimbers for the 7 a.A 9 caliber length are divided im thi saMe

wa'.

* -

-' 1.'~ ~-REStCTE -Sec urity 6I6.e. .n
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